A landslide affecting two small villages located on the Northwestern Italian Apennines has been investigated since the year 2000 through the use of different equipment. A complex monitoring system has been installed in the area. The system includes several inclinometers, piezometers and a raingauge. An Automatic Inclinometric System (AIS) has been also installed that automatically performs measurements, twice a day, along the entire length of a pipe that is 45 m deep. This monitoring system has been set up to identify a methodology that allowed to deal with landslides, trying to predict their behaviour beforehand for warning purposes. Previous researches carried out in the same area for a period of about 7 months, in the year 2000, have allowed to identify a correlation between deep slope movements and rainfalls. In particular, it has been possible to determine the time lag needed for a rainfall peak to produce a corresponding peak of the landslide movements; this time lag was of 9 days. This result was possible because the AIS allows to obtain, as mentioned, daily inclinometric measurements that can be correlated with the recorded rainfalls. In the present report we have extended the analysis of the correlation between deep slope movements and rainfalls to a greater period of observation (2 years) to verify over this period the consistency of the time lag mentioned above. The time lag previously found has been confirmed. We have also examined the possibility to extend to the entire landslide body the correlation that has been found locally, analyzing the results of the remaining inclinometric tubes with traditional reading installed on the landslide and comparing them with the results of the AIS. The output of the tubes equipped with piezometric cells has also been analyzed. The relations existing among rainfalls, ground water level oscillations and the related slope movements have been explored.
Introduction
Montaldo and Aie di Cosola (Cabella Ligure, Alessandria, Piedmont Region) are two small hamlets located at about 1000 m a.s.l. in the mountain area of the Apennines (Fig. 1) . The two hamlets are located over a wide (about 2 km 2 ) and thick landslide body consisting of a chaotic mixture of materials derived from local formations intermixed with fines ( Fig. 1) . The constitution of the superficial landslide body was reconstructed using borehole logs. In particular, this complex body has a thickness ranging from few meters in the upper part of the village to 36 m in the southern lower part. The upper part of the superficial landslide body is constituted by eterometric blocks of limestone and claystone in a silty sand. Clay layers with claystone clasts are present in the lower part of the complex. For a more detailed description of the geologic framework, the structural setting, the nature of the movements and historical records of past collapse events see Lollino et al. (2002) . The yearly average rainfall of the area is 1150 mm. The seasonal rainfalls show a peak in Autumn: the months of October and November display the maximum of the monthly average rainfall (154 mm and 153 mm, respectively). The minimum monthly average rainfall belongs to the month of July (58 mm).
An Automatic Inclinometric System (AIS) was installed on the landslide in 2000 (Lollino et al., 2002) . The AIS is an inclinometer apparatus designed to be operated by remote control (Lollino, 1992) . After the repeated and prolonged rainfalls occurred in October and November 2000, the AIS measured significant movements and allowed to locate a sliding surface at a depth of about 13 m at the level of a sandysilty layer with some clay lenses inside. The largest return period of the October/November 2000 precipitation was the return period of the rainfalls of 5 consecutive days and it was of 3.5 years.
The movements measurements performed through the AIS in the period September 2000-March 2001 revealed a good
' % 6 ' 6 4 % ) 6 ! % + 6 < % Fig. 1 . Sketch map of Montaldo di Cosola landslide. 1) main landslide body; 2) minor, active, rotational slides due to strong stream erosion; 3) eroding areas; 4) main scarps; 5) main landslide crowns; 6) monitored area. correlation with the rainfalls. In particular it was possible to identify a time lag of about 9 days between the occurrence of a rainfall peak and the corresponding peak in the recorded movements produced by these rainfalls. The existence of a correlation between rainfalls and slope movements had been already qualitatively observed by several authors (Campbell, 1975; Govi and Sorzana, 1980; Caine, 1980; Govi et al., 1985; Zêzere and Rodriguez, 2002; Barton, 2002) . Govi et al. (1985) , in particular, found a qualitative-general correlation that linked rainfalls and landslide occurrence. Caine (1980) , Zêzere and Rodriguez (2002) and many other authors proposed triggering rainfall thresholds. Using the AIS it has been possible to identify, locally, a quantitative and not only qualitative relationship between rainfalls peaks and slope movements peaks.
The time lag of 9 days was more precisely and objectively identified with a cross correlation analysis. The cross correlation function, φ yx , that has been used in the analysis was defined as:
in which x t has been assumed as the function expressing the rainfall occurred at the time t and y t+τ as the function expressing the displacements occurred at the depth of about 13 m at the time t+τ , calculated for the period 22 September-16 March 2000. The cross correlation function, φ yx presented a maximum for a value of τ =9 days (Lollino et al., 2002) . Therefore we could state that the average time of response of the landslide to a rainfall was of 9 days and within that time the landslide would have generally displayed the maximum displacement due to that rainfall (Lollino et al., 2002) . Observations were continued through the years and further analyses of the collected data have become possible. Therefore we have decided to extend the analysis of the correlation between deep slope movements and rainfalls to include a greater period of observation (2 more years) to verify over this period the consistency of the time lag mentioned above. The possibility to extend to the entire landslide body the correlation that has been found locally has also been examined, analyzing the results of the remaining inclinometric tubes with traditional reading installed on the landslide and comparing them with the results of the AIS. The output of the piezometers installed on the landslide has also been analysed and the relations existing among rainfalls, ground water level oscillations and the related slope movements have been explored and will be presented in the following.
Monitoring installations
The monitoring activities, so far, have been concentrated only on one sector of the landslide (Fig. 1 ). This sector is close to the hamlet of Montaldo di Cosola and was chosen to provide the citizens with direct information regarding their village and the possible effects of the landslide movements on their houses. The monitoring network consists of five piezometers and six inclinometric tubes, four of which intended for use with a probe inclinometer handled by an operator and the other two provided with an Automated Inclinometer System (AIS).
The inclinometers detected movements along a shallow local surface, located at a depth of 13.5 m, probably connected with a rotational slide along a scarp. As previously mentioned the AIS is an inclinometer apparatus designed to operate by remote control (Lollino, 1992; Lollino et al., 2002) . It combines the advantages of the measurements made by an operator with a probe inclinometer and the measurements made by in-place inclinometers (Mikkelsen, 1996; Dunnicliff, 1995) , since it allows the possibility of a practically infinite number of reading points with almost continuous recording capabilities. The AIS is run by a central unit microprocessor and allows several automatic measurements which would be too expensive if made by an operator. The composition of the AIS and its main characteristics can be found in Lollino et al., 2002 .
Correlation between slope deep movements and rainfalls
As already mentioned in the introduction, a cross-correlation analysis of the displacement data coming from the AIS and the rainfalls recorded during the same time interval was performed for the period September 2000-March 2001. This analysis revealed that a time lag of 9 days existed between the rainfall peaks and the corresponding peaks in the recorded movements.
Further observations of the same type were carried out for the period May 2002-May 2004 with the purpose of verifying the results previously mentioned over a larger period of time. During such a period the landslide displacements were recorded through the AIS and also the rainfalls were collected. A comparison between the recorded rainfalls and the displacements occurred at the depth of about 13 m for the period May 2002-May 2004 is shown in Fig. 3 .
By analyzing the data shown in this latter figure it is possible to notice that some correlation exists between rainfalls and movements, as it had been observed already for the period September 2000-March 2001. This occurrence had been already observed by several other authors in other sites. Thanks to the AIS that performs daily measurements, it has been possible to recognize that the most significant movements occur with a certain delay after the rainfalls. In partic- ular an evident time lag exists between the occurrence of the most significant rainfall peaks and the corresponding peaks in the recorded movements. However, the amount of this time lag is not easily and immediately identifiable from the graph of Fig. 3 . The use of cross-correlation facilitates and makes more objective its identification (Stearns and David, 1996) . Thus a cross-correlation analysis of the recorded data has been performed to identify more objectively the time lag and also to verify the consistency of the time lag found for the period 2000-2001. The analysis was performed following the same criteria exposed in the introduction. It must be noticed, however, that some lack of data is present in the records shown in Fig. 3 , as it will appear from the data of Fig. 5 regarding the AIS measurements.
The cross correlation analysis revealed that the time lag between the rainfall peaks and the corresponding peaks in the recorded movements for the period May 2002-May 2004 is of 8 days. Even though Fig. 3 shows that not all the rainfalls peaks are necessarily followed by a peak of displacement, nevertheless several of the most significant rainfall peaks are. These latter are shown with the arrows in Fig. 3 . Even though the observation period is quite short, another evidence that seems observable is that the rainfalls that produce significant displacement after 8 days occur in Autumn, which is, as mentioned, the most rainy season of the year. Similar rainfalls occurred during other periods, particularly in Summer, do not seem to produce significant displacements that occur after a predictable delay. For the Summer season this is probably due to the higher evapotranspiration rate that diminishes the soil moisture.
The largest rainfall peak of the period the November 2002 rainfalls of 5 consecutive days and this was found to be of 15 years. The 26 November 2002 rainfall peak was followed by a peak in movements (equal to 1.2 mm/day) 8 days later, that is after a time lag equal to that found through cross correlation. The effect of the cumulated rainfalls preceding the rainfall peaks producing displacements was also examined. The cross correlation analysis was repeated after having attributed a weight, given by the total amount of rainfalls of the 15 preceding days, to each daily rainfall producing a peak of displacements. No relevant effect was identified and the output of the cross-correlation analysis was the same as before. The rainfalls that precede a rainfall peak that produces a landslide displacement do not seem to have any particular effect on the time lag between rainfalls and displacements. However, it can be noticed that both for the displacements occurred in Autumn 2002 and in Autumn 2003 the rainfalls that produced them were preceded by several rainy days. As previously mentioned this is a common occurrence: October and November are the most rainy months of the year and this is an evident cause of the greater landslide displacements that occur in that period. It is also possible to find in the graph minor displacements that were not preceded by any significant rainfall.
The time lag found has to be considered as a "warning time" for this particular landslide. It means that after a sig- nificant rainfall has taken place, particularly in Autumn, a peak in landslide movements has to be expected around 8-9 days later. As a consequence, fissures in houses, for instance, have to be expected to show their maximum enlargement 8-9 days after a significant rainfall peak. The population might be warned accordingly.
There is a precise reason for the time lag that has been found. As we will see in a following chapter, the water table fluctuations in response to a certain rainfall are almost immediate and thus an almost immediate response of the landslide should be expected. However, as mentioned earlier, the AIS allowed to locate the sliding surface at a depth of about 13 m at the level of a sandy-silty layer with some clay lenses inside. The existence and the location of this sliding surface was confirmed by the further measurements performed in the period [2002] [2003] [2004] (Fig. 4) . The presence of silt and clay on the sliding surface explains the time lag, since the low permeability of these materials requires some time for them to reach a level of saturation that allows the movements to start. Therefore each landslide has to be thoroughly investigated in order to use this method for predicting displacement peaks. Each landslide might react differently, according to its particular geological and stratigraphical conditions.
Results of traditional inclinometric measurements
As previously mentioned and shown in Fig. 2 , several other inclinometric tubes with traditional reading have been installed on the landslide body. The results of the measurements performed in these tubes were compared with the data coming from the AIS. In Fig. 5 the comparison is shown.
The results coming from the other inclinometers appear to be coherent with those of AIS. The inclinometer labeled I6 shows practically the same movements recorded by the AIS, as far as the measurements performed in the same days are concerned. This inclinometer is located at 949.6 m a.s.l. along the same road where the AIS (958.2 m a.s.l.) is located. The inclinometer I3 (located at 917 m a.s.l.), which is located downslope, has recorded smaller displacements but the trend of these latter is the same of the previous inclinometer and of the AIS. Inclinometer I7 (located at 936.9 m a.s.l.) has recorded a smaller number of measurements: the trend is similar, but shows greater displacements. These results show a uniform behavior of the entire landslide. This should allow to assume that the findings performed at a single point through the AIS can be extended to the entire landslide body. The entire landslide is thus expected to show a peak of displacement when 8-9 days have elapsed after a significant rainfall peak.
Ground water level oscillations
In Fig. 6 the ground water level oscillations as measured by piezometers no. 2, 3 and 7 are shown. In Fig. 7 the ground water level oscillations as measured by piezometer no. 3 are compared with the rainfalls.
The three piezometers respond contemporaneously to the rainfalls (piezometer 2 has stopped its recordings on October 2003), even though the amounts of the oscillations are different because of their different locations.
The response of the ground water level to the rainfalls appears to be very rapid, as it can be observed in Fig. 7 .
As previously mentioned, a time lag of 8-9 days takes place between rainfall peaks and displacement peaks, even though the response of the ground water level to the rainfalls is so rapid, because of the presence of silt and clay at the level of the sliding surface located 13 m below the ground level. The very low permeability of these materials requires evidently several days before a level of saturation is reached that allows the inception of the movements. 
Conclusions
A complex monitoring network has been installed on a landslide located in North-Western Italy, on the Apennines
Mountains. An Automatic Inclinometric System (AIS) has allowed to identify, through a cross correlation analysis, a recurrent time lag of 8-9 days between the occurrence of significant rainfall peaks and the corresponding peaks of the landslide displacements. Therefore the prediction of a possible moment of crisis of the landslide has become possible: fissures in houses, for instance, have to be expected to show their maximum enlargement 8-9 days after a significant rainfall peak and the population might be warned accordingly. Other useful applications and advantages of these findings could be certainly found. A great advantage is certainly given by the sense of security and confidence deriving from the possibility of predicting when the most important consequences of a landslide movement is expected. The time lag will not necessarily remain the same through the years; however, continuing the monitoring activity, it will be possible to identify possible changes. As far as warning purposes are concerned, the AIS would need to be maintained in place continuously and its data to be systematically processed by experts in order to maintain its workability up-to-date. Each landslide has to be thoroughly investigated in order to use this method for predicting displacement peaks. Each landslide might in fact react differently, according to its particular geological and stratigraphical conditions. The AIS was already known as a tool to design more reliable warning systems since it allows to schedule the measurement recurrences, to increase the reading levels and their precision and to measure speed and acceleration of the possible movements (Lollino, 1992; Lollino et al., 2002) . The experience described in this paper has shown that if a correspondence between rainfall peaks and displacements at the depth of the sliding surface exists, the prediction of a possible moment of crisis for an active landslide could be also possible some time in advance, with the use of the AIS. This has certainly further increased the performance of the AIS as a warning system besides its use as a monitoring device.
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